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Solving the crystal structure of Cbl(TKB) in complex with a pentapeptide, pYTPEP, revealed that the PEP 
region adopted a poly-L-proline type II (PPII) helix. An unnatural amino acid termed a proline-templated 
glutamic acid (ptE) that constrained both the backbone and sidechain to the bound conformation was 
synthesized and incorporated into the pYTPXP peptide. We estimated imposing structural constraints onto 
the backbone and sidechain of the peptide and preorganize it to the bound conformation in solution will 
yield nearly an order of magnitude improvement in activity. NMR studies confirmed that the 
ptE-containing peptide adopts the PPII conformation, however, competitive binding studies showed an 
order of magnitude loss of activity. Given the emphasis that is placed on imposing structural constraints, we 
provide an example to support the contrary. These results point to conformational flexibility at the interface, 
which have implications in the design of potent Cbl(TKB) -binding peptides. 

Modern chemistry programs have witnessed an increased demand for inhibitors of protein -protein inter- 
actions (i-PPI). This demand is appropriate, given the recognized role of protein-protein interactions 
(PPI) in various diseases. Inhibition of PPI with small organic molecules has been achieved with some 
success 1 " 3 . Targeting PPI with small molecules, however, has been considered a high-risk endeavor due to the 
generally ill-defmed nature of the PPI interface 4,5 . To overcome these difficulties, peptides that bind the PPI 
interface have been reliably used as lead compounds for the design of potent inhibitors of PPI 6 " 8 . In the case of 
well-defined pockets, it is generally accepted in the medicinal chemistry community that addition of structural 
constraints to bias them to the bound conformation will result in improved potency. It is rationalized that, given 
comparable enthalpies, a preorganized ligand to the bound conformation will have a more favorable binding 
entropy and thus higher binding affinity, relative to the flexible ligand. Indeed, this practice has dramatically 
improved binding affinity for a select number of ligands. The practice of imposing structural constraints onto 
ligands to improve the binding affinity has been known as "prepaying" the entropic cost associated with the 
binding event. By reducing the ligand's ability to sample various conformations, it remains locked into a single 
conformation to readily bind to the cognate partner. 

These lessons from small molecule medicinal chemistry have been effectively translated into the design of 
peptide-derived ligands that target PPI. Several methods have been offered to conformationally define short 
peptides to bioactive conformations thereby improving their potency and stability 9 " 12 . As a result, constraining 
the lead peptide to the bound conformation is usually considered as the first step during the optimization 
process 13 . Given that there are few examples of rigidified i-PPI the rules governing the design of rigid ligands 
have yet to be fully revealed. 

Constraining the backbone of the lead peptide to the bound conformation is one of the well-defined design 
criteria. This has been illustrated by three distinct examples where constraining the backbone to the bound 
conformation improved the binding affinity 101415 . It is argued that prepaying the entropic penalty by imposing 
structural constraints to the backbone is a viable strategy to optimize i-PPI peptides. Our laboratory is interested 
developing i-PPI against cancer related targets 16 " 19 . One such PPI is through the TKB domain of the E3 ubiquitin 
ligase, Cbl, which plays an important role in the regulation of protein-tyrosine kinase levels within the cell 20-23 . 

We recently reported that a pentapeptide, pYTPEP, binds Cbl(TKB) with low-uM affinities 24 . Here, we report 
the crystal structure of Cbl(TKB) in complex with the pentapeptide, pYTPEP (PDB ID: 4GPL). Analysis of the 
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complex led to the conclusion that the PEP region adopts the poly-L- 
proline type II (PPII) conformation. Unlike the common secondary 
structures, a-helices and P-sheets, which are stabilized by hydrogen 
bonding, the PPII structure is stabilized by acyclic conformational 
control elements 25 " 29 . 

Structure activity relationship (SAR) studies with pYTPXP pep- 
tides showed that both the backbone conformation (pYTPPP more 
active than pYTPAP) and the glutamic acid side chain functionality 
(pYTPEP more active than pYTPAP) contribute to Cbl(TKB) inter- 
action. Based on these observations and analyses of the crystal struc- 
ture (PDB ID: 4GPL) we synthesized the unnatural amino acid called 
proline template glutamic acid (ptE). The ptE analog is built on a 3- 
azabicyclo[3.1.0]hexane core wherein the Ca-Cp bond is constrained 
to the bound conformation by the pyrrolidine ring while the CP-Cy 
and glutamic acid are constrained to the bound conformation by a 
cyclopropane ring 30 ' 31 . The peptide pYTP(ptE)P would therefore 
encapsulate the structural constraints required for not only the back- 
bone of the PEP region (PPII conformation) but also the glutamic 
acid side chain functionality to adopt the bound conformation. We 
expected the pYTP(ptE)P to adopt the PPII conformation in solution 
and estimated that this preorganization of the PEP region will result 
in nearly an order of magnitude increase in Cbl(TKB) affinity. The 
pentapeptide, pYTP(ptE)P was indeed found to adopt the PPII con- 
formation in solution as determined by NMR. Contrary to our 
estimation, pYTP(ptE)P showed over an order of magnitude loss 
of activity. Together the data suggests that constraining the backbone 
alone (PPP vs PAP) improves the binding affinity, however, con- 
straining both the backbone and side chain (PptEP vs PPP or PEP) 
has a negative effect. Based on our results, we propose that over- 
rigidification of i-PPI against Cbl(TKB) could have a detrimental 
effect during the inhibitor design process. 

Results 

To determine the binding site and binding mode of the pentapeptide, 
the co-crystal structure of the Cbl(TKB)-pYTPEP complex was 
solved. We found that the pentapeptide occupied the exact same 
binding site as the 12-mer peptide (Fig. 1). The N- terminal pTyr 
presents numerous H-bonds with the protein surface and the p + 
4 Pro occupies a shallow, hydrophobic groove. Additionally, the p + 
3 Glu favorably interacts with Cbl(TKB) via H-bonds. 

Visual examination of the pentapeptide complex did not reveal 
any obvious cause for our report on the ~4-fold improvement in 
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Figure 1 | Structure of the complex between Cbl(TKB) (gray surface) and 
the pentapeptide (yellow sticks, PDB ID 4GPL). The interacting residues 
at the Cbl(TKB):peptide interface are labeled and are represented as green 
sticks for the pTyr site, blue sticks for the p + 3 Glu site, and black sticks for 
the p + 4 Pro site. H-bonds are shown as red dashes. 



binding affinity compared to the dodecapeptide. Molecular Dyna- 
mics (MD) simulations, however, attributed the improvement to the 
more costly desolvation penalty for the dodecamer than that of the 
pentapeptide (Table SI). 

Inspection of the structure also revealed that the backbone geo- 
metry of the pentapeptide is nearly indistinguishable from the doc- 
ecapeptide (Fig. SI). This result experimentally confirms that the 
pentapeptide adopts the same binding mode as the dodecapeptide. 
Indeed, this particular conformation is commonly known as the 
poly-L-proline type II (PPII) helix. The lesser known of the second- 
ary structures found in proteins, PPII helices adopt extended, left- 
handed helical structures. The PPII helix is characteristic of Pro 
oligomers and, unlike the more common secondary structures, is 
stabilized by acyclic conformational control elements rather than 
intramolecular H-bonds. As a result, proline dimers and oligomers 
will spontaneously adopt such a conformation. More precisely, PPII 
is defined by ideal backbone dihedral angles: <I> = —75° and \|/ = 
— 145°. In an ideal PPII helix, there is a 3 -fold symmetry parallel to 
the helical axis and every 4 th residue is at the same point (Fig. 2a). The 
pentapeptide, when viewed parallel to the helical axis exhibits the 3- 
fold symmetry characteristic of the PPII helix (Fig. 2b). The dihedral 
angles of the bound pentapeptide, indeed, conformed to those of an 
ideal PPII helix (Fig. 2c). These observations, in conjunction with 
previous reports, indicate that the bioactive conformation of 
Cbl(TKB) -binding peptides is the PPII helix. 

SAR studies with a panel of pentapep tides that bind Cbl(TKB) 24 in 
conjunction with the structural data derived from longer versions of 
these peptides 32 " 34 suggest that deviation from the PPII conformation 
at the p+3, p+4 and p + 5 results in a significant loss of binding 
affinity (—2-3 orders of magnitude). These observations led us to 
conclude that the peptide backbone geometry may be a contributing 
factor in determining Cbl(TKB) binding. As a result, we hypothe- 
sized that imposing PPII structural constraints onto the pentapeptide 
would stabilize the bound conformation and improve binding 
affinity. 

To test this hypothesis, we generated two additional peptides 
(Table 1), which report on the contribution of backbone constraints 
to Cbl(TKB) binding. Here, we have used our previously reported 
fluorescence polarization (FP) assay to quantify Cbl(TKB) -peptide 
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Figure 2 | The bioactive conformation of the pentapeptide in complex 
with Cbl(TKB). (a) Pro oligomers present a 3 -fold symmetry about the 
helical axis in an ideal PPII helix, (b) The bound conformation of the 
pentapeptide presents a characteristic 3-fold symmetry about the helical 
axis, (c) Dihedral angles extracted from the bound conformation of the 
pentapeptide adopt those of an ideal PPII helix. 
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Table 2 Sidechain dihedral angle calculation based on energy 
minimization. Modeled tripeptides containing each proline tern - 
plated glutamamic acid variant at the center position were energy 
minimized and the sidechain dihedral angles (%i and X2) were 
extracted and compared to the sidechain dihedral angles of Glu 
within the bound conformation of the pentapeptide, 1 
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Table 1 | Peptide numbering, sequence, inhibition constants, and 
binding energy as determined by fluorescence polarization (FP). 
The variable residues at the p+3 position are highlighted in bold. 
IC50 values were obtained from competitive binding experiments, 
converted to Kj according to the Coleska-Wang equation 42 , and 
AG calculated from the relationship, AG = RT In Kj. Each value 
represents an average of 4 separate experiments 
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18.1 ±5.7 


-6.53 ±0.22 
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binding 35 . FP remains a valuable, simple, and cost-effective approach 
that has a large dynamic range for inhibitor affinities under the same 
reaction conditions. Using a fluorescently labeled probe and 
Cbl(TKB), binding relationships for the peptides were generated 
by FP measurements. Peptide 1 binds Cbl(TKB) with an inhibition 
constant, IQ = 1.3 uM (Table 1), which is consistent with our prev- 
iously reported ITC data 24 . Peptide 2 replaces the p+3 Glu with Ala, 
which maintains flexibility at the C-terminal PXP region but elim- 
inates the Glu side chain interaction. This modification resulted in a 
Ki = 18.1 uM, greater than an order of magnitude loss in affinity 
relative to 1. It is known that proline oligomers including dimers 
adopt the PPII conformation in solution. Peptide 3 replaces the p + 3 
Glu with Pro yielding a PPP motif at the C-terminus which we expect 
to induce PPII conformation in solution. The presence of NOE sig- 
nals between the ot-proton of the i th proline and 5-proton of the 
(i+l) th proline indicates PPII conformation 26 . Evidence of peptide 
3 to adopt the PPII conformation in solution was confirmed through 
NOE NMR experiments (Fig. S2). This modification resulted in a Ki 
= 5.0 uM, which is a 3 -fold improvement in affinity relative to 
peptide 2. Although both peptides 2 and 3 resulted in a loss of affinity 
for Cbl(TKB), the trend in binding energies indicates that inducing 
PPII conformation in peptide 3 recaptures more than half the bind- 
ing affinity lost by peptide 2. This is consistent with the reported 
studies that show constraining the backbone conformation of the 
lead peptide to the bound conformation results in increased binding 
affinity. Clearly the remaining loss was due to a lack of Glu side chain 
interaction with Cbl(TKB). This is not surprising given that residues 
on Cbl(TKB) with the potential to make hydrogen bonds with the 
Glu side chain were observed in the crystal structure. 

To maintain both backbone constraint and sidechain interaction, 
a focused panel of unnatural amino acids was examined (Table 2). 
The amino acid analogues are known as proline templated glutamic 
acid (ptE) residues. Each contains a pyrrolidine ring with an 
appended Glu sidechain. The ptEs are so named according to the 
position of the acidic moiety. A computational study involving 
energy minimization was used to prioritize our chemical synthesis. 
To that end, we generated tripeptide (PXP) repeats with each ptE at 
the middle position. The energy of the tripeptides was minimized 
and overlaid onto the bound conformation of 1 (Fig. S3). The dihed- 
ral angles of the sidechain were extracted and compared to those of 
the bound peptide, 1 (Table 2). Examining the sidechain dihedral 
angles (%i and % 2 ) revealed that ptE built on the bicyclic core had the 
same sidechain dihedral angles as that of the peptide in the bound 
conformation. We, therefore, concluded that the pYTP(ptE)P pep- 
tide will not only preorganize the backbone to the bound conforma- 
tion but the side chain rigidity will prime the carboxylic acid into an 
optimal interacting geometry. 

The selected ptE was synthesized in 9 steps from commercially 
available pyroglutamic acid by adapting known methodologies 31,36 . 
The synthetic route to generate ptE is summarized in Figure 3. The 
final product, 7, is a fully protected compound suitable for peptide 
synthesis. The modified amino acid 7 was then incorporated into the 



active pYTPXP sequence at the p+3 position using solid phase 
Fmoc-peptide synthesis. The methyl ester on the sidechain was 
hydrolyzed under basic conditions, yielding the free acid and peptide 
4. We expect 4 to induce both PPII structure and set the Glu side- 
chain to the bound conformation. Indeed peptide 4 adopted the PPII 
conformation as evidenced by the NMR NOE cross peaks (Fig. S2). 

Based on the SAR data we estimated that peptide 4 will have ~ 3- 
fold improvement in the inhibition constant, Ki (Fig. 4). This estima- 
tion was based on the fact that 3 partially recaptured activity lost in 2. 
Therefore addition of the Glu sidechain functionality to 3 by incorp- 
orating ptE would further improve the binding affinity. However the 
result showed the opposite effect, as 4 was resulted in a Ki = 15.2 uM, 
which represents ~ 12-fold decrease in affinity. Together these data 
suggest that constraining the backbone of the peptide to the bound 
conformation is beneficial however constraining both the backbone 
and sidechain to the bound conformation is detrimental. 

To explore a possible cause of the observed loss of affinity, we used 
a retrospective, computational study with MD and docking simula- 
tions. We assessed binding of peptides (1 and 4) to both a rigid 
receptor and a flexible receptor. When Cbl(TKB) rigidity was main- 
tained, we observed that peptide 4 had a favorable binding energy 
(A AG) compared to 1 (Fig. 5a). This improvement was, indeed, the 
expected scenario, however, experimental evidence did not reflect 
this to be the case. Instead, when Cbl(TKB) was flexible, we observed 
a favorable A AG of binding for 1 compared to 4, which is consistent 
with the experimental findings. The simulations with flexible 
Cbl(TKB) provide a possible molecular basis for the loss of affinity 
for peptide 4 observed experimentally. Inspection of the computed 
binding mode of 4 indicates that the ptE residue orients away from 
productive Cbl(TKB) interaction (Fig. 5b) and is solvent exposed, 
which is a potential mechanism for the observed loss of activity. 
Given these pieces of computational information, it seems that the 
rigid peptide, 4 is unable to occupy the binding site for productive 
interaction due to the overly rigid structure. Therefore, flexibility in 
the peptide sidechain is possibly a requirement for the binding inter- 
action. Together these data suggest that Cbl(TKB) binding to the 
peptide requires flexibility, which is consistent with an induced-fit 
model. 

Discussion 

We report the crystal structure of Cbl(TKB) bound to a pentapeptide 
pYTPEP that binds with low-uM affinity. Analysis of the available 
structures suggests that the PEP region adopts the PPII conformation 
in the bound state. Consistent with the other systems, constraining 
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Figure 3 | Synthetic route to generate 4. L-pyroglutamic acid, 5, was used to generate the unsaturated bicyclic ring system 6 over a series of 5 steps. 6 then 
yielded a fully protected cyp-ptE, 7, suitable for peptide synthesis. 7 was incorporated into the pentapeptide sequence pYTPXP, where X denotes the 
variable amino acid position, using standard solid phase peptide synthesis methodology. Treatment of the purified peptide with NaOH converted the 
methyl ester to the desired acid, yielding 4. 



the backbone of the PEP to the PPII conformation resulted in an 
increase in binding affinity. However the loss of glutamic acid side 
chain resulted in reduced activity. To address this we synthesized an 
unnatural amino acid ptE which, when incorporated into the pep- 
tide, resulted in constraining both the backbone and the sidechain to 
the bound conformation. 

Several methods have been reported to conformationally define 
peptides in an effort to improve binding affinity. One such strategy 
involves aliphatic sidechain "stapling" to force the selected peptide 
sequence to adopt an a-helical conformation 9 . In this case, the pep- 
tide backbone is rigid while the sidechains remain flexible. Similarly, 
another reported strategy imposes sidechain constraints while 



maintaining backbone flexibility. This method has made use of 
extended P-amino acids to force selected residues to adopt the bound 
geometry observed in crystal structures 15 . In both scenarios, extrinsic 
control elements are employed to bias the geometry of the peptide. 
The proline-templated amino acid (PTAA) strategy combines both 
backbone and side chain constraints using intrinsic conformational 
control elements. The intrinsic conformational control elements 
have been analogously applied in the hydrogen-bond surrogate 
(HBS) approach, wherein strategically placed covalent bonds replace 
hydrogen bonds to induce a-helical conformation 11 . Given this back- 
ground, we estimated that the PTAA modification would result in a 
peptide mimic with increased binding affinity. 
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Figure 4 | Inhibition constants, K i5 of pentapeptides in complex with Cbl(TKB). The x-axis is labeled according to the C-terminal sequence within the 
peptide pYTPXP. The white box represents the estimated IQ value of 0.43 uM for the P(ptE)P peptide. 
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Figure 5 | Computational studies of peptides 1 and 4 binding to 
Cbl(TKB) using MD and docking simulations, (a) Comparison of 1 and 4 
on of the change in binding energy when receptor is rigid or flexible, 
(b) Bound conformation as determined by MD. Green and orange lines 
indicate rigid and flexible Cbl(TKB), respectively. Green and yellow sticks 
represent 1 and 4, respectively. The variable amino acid at the p + 3 
position is shown as black sticks for peptide 1 and white sticks for 
peptide 4. 

Contrary to our expectation, experimental results show that the 
incorporation of ptE resulted in a loss of binding affinity. A compu- 
tational study to delineate this difference suggests that peptide bind- 
ing to Cbl(TKB) supports an induced-fit model. There are two 
proposed mechanisms to describe protein-ligand binding reactions: 
conformational selection and folding-after-binding 37 . The confor- 
mational selection mechanism requires that the ligand adopt the 
bound conformation a priori. The folding- after-binding mechanism 
requires that the ligand must be unfolded and, subsequently, adopt 
the bound conformation upon complexation with the protein part- 
ner. In this context, the peptide must remain flexible for the side 
chain to properly orient while transitioning to form the Cbl(TKB)- 
peptide complex. As a result, our data supports the fold- after-bind- 
ing mechanism for Cbl(TKB) -peptide binding. Taken together, the 
induced-fit and fold- after-binding models suggest that constraining 
both the peptide backbone and the sidechain are detrimental to 
productive Cbl(TKB) binding interactions. That is, over-rigidifica- 
tion of peptide ligands targeting Cbl(TKB) may not be optimal dur- 
ing inhibitor design. This information can guide future medicinal 
chemistry efforts to improve the binding affinity to generate potent 
Cbl(TKB) inhibitors as chemical probes or potential therapeutics. 

Methods 

Protein purification. Cbl(47-351) in a pET28a plasmid was transformed into 
Rosetta2(DE3) cells (Novagen), grown in LB broth to an OD 600 of 0.8, and induced by 
addition of 0.5 mM IPTG followed by incubation at 18°C overnight for protein 
expression. The harvested cell pellet was suspended in buffer (20 mM HEPES, 
500 mM NaCl, 2.5 mM CaCl 2 , 25 mM imidazole, pH 7.7, with a protease inhibitor 
cocktail), and lysed by 3 passes in an Emulsiflex C5 (Avestin, Inc). The lysate was 
clarified by centrifugation at 25,000 X g for 30 minutes at 4°C. 

Cbl(TKB) was initially purified by nickel chromatography (His-Trap FF column, 
GE Healthcare) on an AKTAfplc system using the initial buffer as the wash buffer, 
followed by a 20 column volume gradient to 600 mM imidazole to elute His-Cbl. The 



eluted protein was quantitated (Bradford assay; Bio-Rad Laboratories, Inc), then 
treated with thrombin to remove the 6x-His tags. This Cbl pool was treated with 
benzamidine sepharose resin to remove the thrombin and nickel resin to collect His 
tags and uncleaved His-Cbl, then filtered to remove resin beads. 

The supernatant containing free Cbl(TKB) was concentrated to 10 mg*niL _1 using 
spin concentrators (9000 MWCO; Pierce Biotechnology), and loaded in 40 mg ali- 
quots onto a Superdex75 16/60 size exclusion column (GE Healthcare). The purified 
Cbl was eluted in 1 mL fractions in 20 mM HEPES, 500 mM NaCl, 5 mM 
(3-mercaptoethanol, at pH 8.0. Before crystallographic use, the clean protein fractions, 
as determined from a Coomassie gel, were individually assayed by dynamic light 
scattering before combining the monomodal, monodisperse fractions into a protein 
pool. 

Crystallization. Purified Cbl(TKB) was concentrated to 10 mg'mL" 1 and pYTPEP 
peptide was added at a 1 : 2 molar ratio (Cbl : pYTPEP). The mixture was allowed to 
react overnight in an ice bucket. Crystals grew in a 1 uL : 1 uL ratio hanging drop with 
a reservoir solution containing 0.25 M potassium sodium tartrate tetrahydrate and 
20% w/v PEG 3350. The crystal grew in three days at room temperature. 

X-ray diffraction data collection. The crystal was then transferred to a solution of 
5 uL reservoir and 5 uL 50% glycerol. The crystal was mounted on a MiTeGen 
micromesh and plunged into a N 2 gas stream at 100 K. Data were collected using a 
Rigaku FR-E superbright Cu Ka rotating- anode generator operating at 45 kV and 
45 mA, fitted with a quarter-% goniometer and VariMaxHR optics. Diffraction 
images were collected on an R-AXIS IV ++ image-plate detector. 

A full native data set to 3.0 A was collected with 1° oscillations with 64 images at a 
distance of 200 mm with 30 min exposure times. The data were processed using 
CrystalClear (d*trek) 3 (Fig. S4 and Table S2a). 

Structure solution and model refinement. Chain A from PDBID 2CBL 32 was used 
for a molecular replacement search model. Molecular replacement was performed at 
3 A resolution with MOLREP in the CCP4i suite 38 ' 39 , followed by rigid body 
refinement with REFMAC5 40 and resulted in a R value of 30.80% and Rfree of 24.09%. 
Restrained refinement with REFMAC5 resulted in R = 22.15% and R free = 28.30%. 
The resulting model and electron density map were examined with COOT 41 . The 
pYTPEP peptide was modeled into F D -F C electron density. Then with cycles of 
REFMAC5 restrained refinement and examination of 2F 0 -F C and F 0 -F c electron 
density maps the protein model was corrected, Pro47 was added and 36 water 
molecules were added. Final refinement resulted in R = 20.03% and R free = 25.87% 
(Table S2). Atomic coordinates and structure factors of the Cbl(TKB)-pentapeptide 
complex have been deposited in the Protein Data Bank with the accession number 
4GPL. 

Proline-templated glutamic acid synthesis. Full synthetic details and NMR spectra 
are available in the supplementary information (Fig. S5, Fig S6, and Fig. S7). 

Peptide synthesis and purification. The peptide was synthesized using standard 
Fmoc-chemistry on Rink Amide NovaGel™ resin (0.25 mmol) (EMD) using 
N-a-Fmoc-protected amino acids (Aapptec) or unnatural N-a-Fmoc protected 
amino acids (3B Scientific Corporation or Fisher Scientific) and TBTU-HOBt 
coupling chemistry on a Focus XC synthesizer (Aapptec). Fmoc-acid (5 eq) and 
TBTU/HOBt (4eq) (Chem-Impex international, INC) were dissolved in 2-3 mL of 
NMP. DIEA (Sigma) (15 eq) was added to the mixture and incubated for 5 min. This 
mixture was then added to Fmoc-deprotected peptide resin and allowed to couple for 
1 h. Each coupling step was monitored using the Kaiser test (Sigma). To avoid 
derivatives with deletion, after the coupling step the N-terminal extremities were 
capped with a 5% acetic anhydride (Sigma), 5% DIEA, 5% HOBt, and 85% NMP. 
After each coupling and deprotection step, the resin was thoroughly washed with 
DMF, MeOH and DCM. At the end of the synthesis, the N-terminus of the desired 
peptide was acetylated as described above. The peptides were then cleaved from the 
resin using trifluroacetic acid (TFA) (Sigma)/TIS (Sigma)/water (95 : 2.5 : 2.5) over a 
3 h period. The crude peptides were precipitated in cold ether and air-dried 
overnight. 

Purification was performed on a preparative Agilent LC system (Agilent 
Technologies) using an Agilent C18 reverse-phase Zobrax 300SB-C18 column 
(21.2 X 150 mm, 5 micron). Buffer A was water with 0.05% TFA and buffer B was 
acetonitrile with 0.05% TFA. Gradient was buffer B from 5 to 40% in 20 min then 40 
to 100% in 5 min at 20 mL 'min -1 flow rate. The peptide fractions were lyophilized on 
a Sharp freeze — 1 10 (Aapptec). The purity of the peptides was determined by HPLC 
analysis with a Agilent CI 8 reverse phase column (4.6 X 50 mm, 3.5 micron) with 
similar buffers but a gradient from 5 to 50% B in 20 min and a gradient from 50 to 
100% B in 5 min with a 1 niL'min -1 flow rate. Electrospray ionization mass 
spectrometry was carried out on an Agilent HPLC-MS system. The resulting peptide 
was treated with 4 eq of NaOH for 2 hr. The reaction was quenched with 3 eq HC1 and 
lyophilized. The peptide product was then diluted with 250 uL D 2 0. Amino acid 
analysis was used to determine the concentration and purity of each peptide used in 
this study. 

Determination of K 4 and AG by competitive fluorescence polarization. The 

competition experiments were performed as previously described 24 ' 35 . Briefly, titrated 
amounts of unlabeled peptides were added to the 384-well plates. Then, the mixture of 
Cbl(TKB) protein and fluorescently-labeled pentapeptide probe at 10 uM and 
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100 nM, respectively, were added to each well. The plates were allowed to equilibrate 
at 25°C for 10 min before reading. The IC 50 were calculated using the four-parameter 
logistic equation and, subsequently, used as input values to calculate the K t 
(dissociation constant of inhibitor) from the Coleska-Wang equation 42 . AG was 
calculated according to the equation AG = RT lnlQ, where R is the universal gas 
constant in kcal'mol" 1 and T is the temperature in Kelvin. All of the data represent 
the average of 4 independent experiments. 

Molecular dynamics and docking simulations. Starting from the crystal structure of 
Cbl(TKB) in complex with a nonapeptide, SDGpYTPEPA (PDB ID: 2CBL 32 ), we 
constructed three different peptide-Cbl complex systems. The pentapeptide, 
pYTPEP, was prepared simply by removing the extra residues SDG and A at the ends 
of the original nonapeptide. The residues TLN were built and added to the N- 
terminus of the nonapeptide in VegaZZ 43 . Both peptides were modified to have an 
acyl-protected C-terminus and amidated N-terminus. The PDB structure of the 
pentapeptide, pYTP(ptE)P, was generated using ChemDraw 3D and aligned to 
pYTPEP in the complex. 

We performed Molecular dynamics (MD) simulations on the three complexes, 
three free peptides, and one apo Cbl domain. The AMBER 99SB force field was used, 
along with the standard simulation packages, AMBER1 1 and NAMD 2.8 44 " 46 . For the 
phosphotyrosine and calcium ion (Ca 2+ ), we used the parametrization of Homeyer 
et al. 47 and Bradbrook et al. 48 , respectively. The antechamber module and GAFF 49 
were used to obtain force field parameters for the modified residue, ptE. After the 
energy minimization, the systems were solvated using a box of TIP3P water 50 of at 
least 12 A around the complex by tleap module in AMBER11. The systems were 
composed of about 51,000 atoms. To neutralize the system charge, chloride coun- 
terions (CI") were inserted. The energy minimizations of 1000 steps and 5000 steps 
were performed for water and the system, respectively. After 20 ps of solvent equi- 
librium, the system was gradually heated from 50 K to 300 K. All production runs 
were performed for 20 ns at 300 K. Postanalysis trajectories from 2-20 ns were 
considered. The temperature was maintained at 300 K by Langevin dynamics. The 
particle mesh Ewald (PME) was used for the long-range electrostatic interactions, 
while the Van der Waals interactions were smoothly cutoff between 10 and 12 A. A 
time step of 2.0 fs was used. 

Molecular docking of the peptides was performed using AutoDock Vina as prev- 
iously described 24 ' 51 . Briefly, the published crystal structure (PDB ID: 1FBV 33 ) with 
the ligand removed was used as the rigid macromolecule. The Lamarckian genetic 
algorithm was used to search for minimum energy ligand conformations and 
orientations. A point grid of 28 X 20 X 26 A and centered relative to the center of the 
macromolecule was used for the docking simulation. The size and location of the 
point grid were selected to include the pYTPEP docking site and to permit free 
rotation of the docked peptides. A total of 9 unique docking results were generated 
and the lowest energy conformation that placed the pTyr in the reported site was used 
for analysis. Ligand structures were designed in ChemDraw 3D and charges were 
placed on the functional groups that are ionized at pH 7. Torsions were assigned to the 
ligands by AutoDock Tools. All 3D molecular structures were generated using 
PyMOL 52 . 
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